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Regeneration of Roots and Shoots upon the Cotyledons of Lupinus al"bus.
Much uncertainty exists as to the exact phenomena which "belong
under the head of "regeneration". Accordingly quite different in-
! terpretations are put upon the term by different investigators. There
are three interpretations, however, that sire in quite common usuage.
Two of these stand in almost direct antithesis, and so are often
spoken of as regeneration in the narrower, and regeneration in the
"broader sense.
Regeneration in the narrower sense is used to signify direct
replacement of an organ or part of an organ by another organ or part,
similar in structure to the one removed. Among the adherents to this
usuage ajce such well known investigators as Pfeffer and Uenec. In
the broader sense, the term signifies the restoration of lost parts
by parts, of like or unlike structure, developed from latent buds or
embryonic tissue. This use seems to be the one most generally ac-
cepted. Vochting, Klebs, Goebel, Kuster, Morgan, and McCallum are
investigators, all of whom adhere to this usuage. There are, how-
ever, a nuimber of investigators who object to this view because it
classes as "regeneration" the common phenomenon of the development of
latent buds. This use of the term, as they maintain, does not dis-
tinguish between regeneration and ordinary vegetative growth and re-
production, A third interpretation of the term has therefore arisen.
Regeneration in this sense is used to signify the origin of an organ,
I de novo, and frequently at a place where it does not ordinarily
arise. This use excludes all development from pre-formed buds and
rudiments, Winkler and Miss Kupfer are investigators who hold
closely to this viev/.
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Regeneration of roots and shoots on cotyledons was investigat-
ed "by Blociszev/ski (1) as long ago as 1876, and has in recent years
again attracted the attention of a number of prominent "botanists.
Cotyledons of almost all plant families have "been experimented upon
to a greater or less extent. Summarizing the results of these ex-
periments, one is impressed with the fact that roots form with readi-
ness on a large proi)ortj.on of the cotyledons of the most various plant
families; that shoots are formed with far less certainty, and that
roots and shoots are formed very seldom. There is one family, the
Leguminoseae, which seems to show much less capability than others of
forming adventitious organs upon its cotyledons. Only two doubtful
instances have been cited (2) where members of this family produced
shoots on their cotjrledons. Root-formation on the cotyledons is re-
ported as more common. In many instances, however, earlier postive
results have failed to be confirmed by later investigators. In no
genus of the family is the difference of results wider than in
Lupinus,
The first investigator who worked with the lupine was
Blociszewski (1876) He experimented with Lupinus luteus, and re-
ported positive results for roots and negative for shoots. In 1905
Rabe (3) indirectly confirmed these results. At this time he was
engaged in testing the resistance of seeds, in various stages of germ-
ination, to desiccation. He incidentally observed that v;hen the
cotyledons of Lupinus coeruleus, albus, and luteus were removed at
the right time from the partially decayed seedlings, they remained
green and healthy for about six weeks. During this period they de-
veloped roots and callus. More recently (1907) Smith, experimenting
with Lupinus luteus and angustif olius, obtained only negative results.

Regeneration of roots and shoots upon the cotyledons of Lupinus
altius has "been almost uniformly negative. An extensive tahle by
Smith (4), purporting to give positive results for all known cases of
regeneration upon isolated cot^'-ledons, fails to list Lupinus al"bus,
Rahe and Miss Kupfer are the only investigators, v/ho, to my knowledge,
have reported root-formation on the isolated cotyledons of Lupinus
alhus. Their records, however, are very incomplete and indefinite,
in asmuch as hoth obtained their results in connection with other work
and mention their positive results on Lupinus alhus only in an in-
cidental v/ay.
In the series of experiments, which I have carried on, I have
heen ahle not only to get roots upun the isolated cotyledons of
Lupinus alhus, hut liave also "been able in a measure to control their
formation. On the other hand, I have not been able under any con-
ditions to induce the formation of shoots.
In the first series of experiments, after soaking the seeds in
water for twenty-four hours, the cotyledons v/ere removed by cutting
the petiole as closely to them as possible without injury, Prom
four to eight cotyledons, so isolated, were placed on moistened filter
paper in covered petri dishes, and exposed to uniform conditions of
temperature(20 - 25 °C). and diffused light. The dishes were ex-
amined daily, and moisture added as conditions seemed to demand.
Further it was thought possible that certain salts might affect the
regeneration of plants in a manner similar to that described by Loeb
(5) for animals. Accordingly, a series of dishes was prepared, in
which the filter paper was moistened with .05 per cent solutions of
K SO
,
Mg SO
,
and CaSO , in addition to those previously set up
with distilled and tap v/ater.
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The cotyledons, treated as atove indicated, gave very uni-
form posjiive results for roots, "but totally negative for shoots.
The roots which appeared so abundantly were formed at different
positions on the cotjriedons, sometimes apparently originating from a
callus on the cut surface, and at other times originating endogenouf-
ly from the prominent fihro-vascular "bundles, at various distances
from the cut surface. In the latter instances, they often "broke
through the tissue of the cotyledons, and formed very characteristic
mechanical slits. Just as strijcing, however, were other instances
in v;hich two roots "burst through the tissue of the cotyledon, almost
directly opposite to each other. Roots, originating in one or an-
other of the ahove descri"bed ways, were found to develop with as
great frequency in the distilled water as in the solutions. The di-
lute solutions were thus found to have no stimulating effect in this
case, and so their use was discontinued.
A set of experiments was next set up, in which the cotyledons
were treated somewhat differently. "Varying portions of the
cotyledons next to the petiole were removed. The remaining pieces
were placed in Koch's moist chamhers between strips of moistened
toweling, and exposed to external conditions, similar to those of the
first series. Upon the cotyledons, so prepared, roots were develop-
ed, although not nearly so frequently nor so quickly as in the first
seriesdescri'bed. A repetition of this second series v/as made, the
experiments "being carried on in the greenhouse. Stronger poative
results were o"btained in this set of experiments, "but in no instance
was a higher percentage than thirty-three and one third o"btained.
In the majority of the experiments, however, only about 20 per cent,
formed roots.
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Since in all of these experiments of the second series, roots
were formed under conditions which excluded primordial development,
regeneration in the third sense is here demonstrated. The fact that
a far greater abundance of roots occurred in the first series, where
the ends of the cotyledons near the petiole were present, seems to
indicate that primordial development is responsible for the increased
number of roots. Were this true, then it would seem that in the two
series just described, I had demonstrated regeneration in two senses,
namely,—that of Kuster, and that of Winkler. Yet, in the light of
later experiments, a discussion of which follows, I must conclude
that regeneration is one and the same in the two series, namely,
that of Winkler,
In the experiments of the first and second series no attempt
was made to keep uniform moisture content. A series was now carried
on with the single purpose of determining more accurately the effect
of moisture upon regeneration. Accordingly, great care was exercised
in keeping the quantity of moisture constant throughout each experi-
ment of the series. Three distinct sets of experiments were carried
on. The experiments of each set were started at the same time, and
carried on under the same external conditions of light''^ temperature.
Moisture was supplied in varying amounts, yet in each case constant
amounts, ranging from ,8l4 per cent, to 5.76 per cent., as given in
table I, At the beginning of each experiment weights were made as
follows,
—
.Weight of vessel and dry toweling-
-Grams.
Weight of vessel and wet toweling- -----«---«---
Weight of vessel, wet toweling and cotjaedons-
Prom this data, the exact quantity of moisture used in each
'i
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vessel was easily obtainable. This quantity was kept constant
simply "by placing the vessel and its contents daily on the scale pan,
and "by the addition of a small quantity of v/ater, bringing it to
balance its original weight* To provide for a uniform distribution
of this moisture, an atomizer was used.
The results of this third series of experiments have been
tabulated. An examination of this table shows several important
facts. In the first place it is readily seen that in each experi-
ment the least quantity of moisture gave the highest percentage of
roots and the greatest quantity of moisture the lowest percentage.
This fact alone is sufficient to prove that abundance of moisture is
not so an important factor in root-formation as is maintained by
Klebs (6), A further study of the table shows that a constantly de-
creasing series of percentages resulted from the use of increasing
quantities of moisture. This certainly shows clearly that it is not
abundance of moisture which calls forth the roots in the case of
Lupinus albus.
The table shows other important relations. The first of
these is in regard to the lengthening of the growth period of the
isolated cotyledons in this series. When the moisture was not main-
tained constant, the maximum reached for the duration of any one ex-
periment was forty-six days, with an average of thirty-five days.
On the other hand, a maximum of fifty-five days, with an average of
fifty days was reached in the series with uniform moisture content.
I
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Secondlj'', the high percentage of roots olDtained in this last
series is scarcely explainalole in any other v/ay than hy the constant
moisture conditions maintained throughout the series. The highest
percentage of roots obtained in any of the experiments previous to
this series was thirty-three and one third, whereas in this series
with the constant moisture factor, few of the percentages were less
thaji thirty-three and one third. Since the seeds used in all of the
series were from the same stock, and all of the other conditions with
the exception of the moisture content were the same in all of the
series, the great difference in percentage of roots obtained must
have been largely due to the constant moisture factor of the last
series.
The high percentage of roots obtained in the last series point
quite strongly to a third fact in regard to root-formation, namely, --
that both cotyledons of the same seed possess this power of root-
formation. In order to prove the hypothesis thus set up, an ad-
ditional set of experiments was carried on. Pieces of cotyledons
were placed in petri dishes upon moist filter paper. The cotyledons
derived from the same seed were always placed in the same dish, and
their positions marked definitely. The first roots that appeared
were upon cotyledons belonging to the same seed, and soon numerous
instances of the same were observed. Both of the cotyledons, how-
ever, did not in every instance form roots. According to my ob-
servations, this was the exception rather than the rule In by far
the majority cf cases, the cotyledons derived from the same seed be-
haved similarly, both giving positive or negative results. Smith
reports similar results for the behavior of cotyledons of Cucurbita.
Further, it was noted that cotyledons from the same seed did
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not always form roots at the same time, but far more marked :tf3s the
variance in the time required for the develox-»ment of roots upon
different cotyledons. Since this irregularity arises in all of my
experiments, I presume that it is not dependent upon external con-
ditions, but is rather due to inherent differences.
The time elapsing before the first appearance of a root in the
different experiments ranged all the way from eight to sixteen days
in the first series, and from fourteen to twenty-six days in those
experiments in which a portion of the cotyledon was removed. The
time elapsing between the first and last appearance of roots in the
same vessel also varied in the different experiments. Smith in his
investigations observed this irregularity with root-fomation upon
cotyledons. In one case he noted a difference of eighteen days be-
tween the first and last appearance. I found as great a difference
as this in nearly all of the experiments where a large number of
cotyledons was used. Figure I is an illustration of an experiment
in which there was a difference of thirty-two days between the first
and last appearance of roots, and yet at the time of photographing,
three or four roots had just appeared.
Growth of Isolated Cotyledons.
Figure I shows clearly a marked increase in size of those
cotyledons which developed roots. A similar increase v/as noticeable
in all of my experiments, and this led to the taking of some definite
measurements. The cotyledons were all measured at the beginning of
the experiment, and then again toward the close. Measurements were
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made in this way for sixty cotyledons, and those for each set
averaged together. The averages thus obtained are as follows,
-
Original size of cotjriedons (length and breadth)1.5 cm.x9.9cm.
Size of cotyledons with roots ( " " " ) 2.5 " x 2.15 cm.
Size of cotyledons without roots( " " «» )l,7 " x 1,4 »»
Increase in size of isolated leaves and cotyledons h^s been
widely investigated. Van Tieghem (7), Klebs (6), Lindemuth (8),
Riehm (9), Erwart (10), Mathuse (11), and Smith (4) have all de-
voted especial attention to this subject. The majority of them,
however, worked with foliage leaves. Definite measurements were
made in several instances. Lindemuth nade a careful set of measure-
ments for the isolated leaves, and Van Tieghem and Smith, on the
other hand measured cotyledons. The results of all such in-
vestigations upon cotyledons agree in showung a remarkable increase
in size of the cotyledons which had formed roots. My measurements
also shov/ed an increase in size of those cotyledons which did not
form roots. This, however, was much less marked, as the above data
shows
•
Shoot Formation,
I have already suggested that my results for shoot-formation
were purely negative, and that shoot formation upon the cotyledons
of leguminous plants is a very rare phenomenon. Van Tieghem and
Zabel are the only investigators who have reported any poative results
for shoots, and theirs v^ere certainly not very strongly postive.
In their experiments, they claim to have found one or two buds formed
on the cotyledons of Pisum and Phaseolus after several months ' culture.
They were not able, however, to obtain nev/ plants from these buds,

I[
'
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and some investigators have since been inclined to interpret their
so-called buds as merely callus formations. Whether they v/ere
really buds or not, the fact remains that no other instances of
shoot-formation have been reported for lupinus. Kilster (2) makes
the following statement of his results with shoot-formation,--
"Meine eigenen Versuche, die mit IJahrmaterial reich gefullten
Kotyledonen verschiedener Pflanzen zur Sprossbildung zu bringen,
II
fuhrten meist zu negative Resultaten." This expresses very well
indeed the results of eYery investigator along this line, and especi-
ally with regard to lupinus.
Causes.
numerous and various are the causes which have been attributed
to the phenomena of regeneration by different investigators. Of all
i the causes suggested up to the present time, no single one has been
given so much attention as that of moisture, unless it be the wound
stimulus, Wiesner (12), Vochting (15) > Klebs (6), "\^'akker, and
McCallum (14-) have all investigated the moisture relation. All of
them with the exception of McCallum attach considerable importance to
it. Klebs, however, attaches most importance to it. He not only
makes it the controlling factor in root-formation, but also believes
it to be an important factor in other regeneration phenomena. By
a series of experiments with' Salix stems, Klebs v/as led to his con-
clusion with regard to root-formation. In these experiments he
obtained an abundance of roots by the loc3.1 application of v.ater.
Vochting also carried on a series of experiments with Salix stems,
in which case he obtained roots on the stems by placing them in
i
moist air. He, likev/ise, attributed the root-fomation to increased
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moisture.
These conclusions of Klets and Vochting have been refuted by
McCallum (14) on the basis that a controlling factor must always be
present when the phenomenon of which it is the cause occurs. He
performed one series of experiments upon pieces of Salix stems, in
i
I
which instance he obtained roots upon the stems when they v;ere found
by weigiht to be actually losing water. In another series of ex-
periments he succeeded in inducing roots upon Phaseolus stems when
the moisture at the disposal of the cells was much less than that re-
quired in the processes of normal growth. From these and other ex-
periments, similar in character, he concluded that increased moisture
absorption was not the primary cause of the root-formation.
The results of my experiments of the last series, in which a
constant moisture content was maintained, also support McCallum'
s
view. In these experiments, as we iiave already seen, the greater
amounts of moisture resulted in the development of feiver roots.
The fact that the least amount of moisture in every experiment gave
the largest percentage of roots shows conclusively that abundance of
moisture is not necessary to induce root-formation. These experi-
j
ments also show clearly that roots can be formed when the amount of
j
moisture at the disposal of the cotyledons is considerably less than
! the favorable conditions for growth demand. This likev/ise agrees
with McCallum' s results.
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